JVI00721-10 revision 4 domain linker prediction with a stepwise mutagenesis approach using the Lassa virus minireplicon system (17) . The functional studies were complemented with coimmunoprecipitation and co-immunofluorescence experiments to demonstrate interaction between the L protein domains as well as their intracellular localization.
Material and Methods
Lassa virus replicon system. Plasmids pCITE-NP and pCITE-L expressing Lassa virus NP and L protein under the control of a T7 RNA polymerase promoter have been described previously (17) . Minigenome (MG) plasmid pLAS-MG contains the T7 promoter followed by a single additional G residue, the 5' noncoding region, chloramphenicol acetyltransferase (CAT) gene, intergenic region, Renilla luciferase (Ren-Luc) gene in reverse orientation, and 3' noncoding region. For transfection, the MG, including T7 promoter, was amplified for 25 cycles with Phusion DNA polymerase (Finnzymes), 3 ng of linearized pLAS-MG as a template, and vector-specific primer pUC-fwd and primer LVS-3400-rev (CGCACAGTGGATCCTAGGCTATTGGA) to generate a functional 3' end. Amplified MG was purified by using PCR-purification kit (Macherey & Nagel) and quantified spectrophotometrically.
Mutagenesis of L gene and cloning.
The functional cassette of pCITE-L (T7 RNA polymerase promoter, internal ribosome entry site, and L gene) was amplified by mutagenic PCR, and the resulting PCR products were used for transfection without prior cloning as described (18) . PCR was performed with Phusion DNA polymerase (Finnzymes).
For insertion of a 5-amino acid linker (GDGSGX, where X represents the amino acid upstream of the linker, leading to duplication of this residue), two fragments were amplified by using 10 ng of linearized pCITE-L as a template and primer combinations pUC (-110 To elongate the linker sequence from 5 to 10 amino acid residues (GDGSGGKADGX), purified PCR products obtained with primer combinations pUC(-110)-fwd/Linker-5-rev and Linker-5-fwd/pUC(-123)-rev were further amplified using primers pUC(-110)-fwd/Linker-10-rev and Linker-10-fwd/pUC(-123)-rev, respectively. Both Linker-10 primers contain a 5' tail encoding the linker sequence GKADG. PCR products were gel-purified and fused together in a second PCR containing aliquots of both fragments as a template and primers pUC(-47)-fwd and pUC(-48)-rev.
Constructs for expression of individual L protein domains were generated by PCR using 10 ng of pCITE-L as a template. N-terminal domains were amplified with primers pUC(-110)-fwd and L-N-rev adding an artificial stop codon to the domain. C-terminal domains were amplified with primers pUC(-123)rev and L-C-IRES-fwd adding IRES sequences with an artificial start codon to the domain. The T7 promoter and the complete IRES were amplified with primers pUC-fwd and L-C-IRES-rev and subsequently fused in a second PCR to the amplified C-terminal domain using primers pUC(-47)-fwd and pUC(-48)-rev.
For generation of hemagglutinin (HA)-tagged L gene PCR product, the pUC(-48)-rev primer in the fusion PCR was replaced by primer L-HA-rev adding a C-terminal HA tag to the L gene. Before transfection, PCR-based L gene constructs were purified by using a purification kit (Macherey & Nagel) and quantified spectrophotometrically. Selected N-and C-terminal domains (N1, N2, C1, and C2) were cloned into pCITE-2a (Novagen) and tagged with HA or 3xFLAG sequences. The presence of artificial mutations was ascertained by sequencing the final PCR product or plasmid. Wild-type L gene and an inactive mutant with a mutation in the catalytic site of the RdRp were generated by PCR using primers binding to the L gene around amino acid position 1334.
They served as positive and negative controls, respectively, for the transfection experiments.
Cells and transfections. BSR-T7/5 cells (4) stably expressing T7 RNA polymerase were grown in Glasgow's minimal essential medium (GMEM, GIBCO) supplemented with 5% fetal calf serum (FCS). Every second passage, 1 mg Geneticin (GIBCO) per ml of medium was added to the cells. BHK-21 cells were grown in Dulbecco's modified Eagle's medium 
Results

Prediction of inter-domain linkers. L protein sequences of 15 arenaviruses, including Lassa
strains AV, NL, Z148, and CSF, were subjected to inter-domain linker prediction. The domain linker propensity index DLI (8), the residue entropy index REI (11), and the residue index GHL (14) implemented in the Armadillo program (8), as well as the DomCut index (36) were used for prediction. The indices are based on the distinct amino acid composition of inter-domain linkers in comparison to functional domains (DLI, GHL, and DomCut) or on the number of degrees of freedom on the angles φ, ϕ, and χ for each amino acid residue (REI). In addition, the secondary structures of the 15 L proteins were predicted using SSpro and Jpred3 servers (5, 6) . The lack of prediction of ordered secondary structure elements and a low degree of sequence conservation were considered further criteria for inter-domain linkers.
The average prediction for Lassa virus based on strains AV, CSF, NL, and Z148 is shown in One peak (C84) was excluded from further analysis because it was too close to the N terminus of the protein in a conserved region. Two peaks (V1113 and D1459) were located within the putative RdRp in rather conserved regions that had previously been shown to be less tolerant to mutation (18) . Position 1113 is located in a predicted loop that overlaps with motif pre-A of the RdRp and supposedly forms the NTP tunnel. It was included in the mutagenesis study as a control to verify the experimental strategy aiming at identifying inter-domain linkers rather than loops within functional domain.
Mutational challenge of predicted inter-domain linkers. Previous experiments with Lassa
virus L protein have shown that the introduction of Gly-Gly residues into loops of functional domains is often deleterious (18) . We assumed that a true inter-domain linker could be stretched without affecting the function of the upstream and downstream domains. Therefore, a flexible sequence of five amino acid residues (GDGSG) was inserted into the proposed linkers to challenge the prediction (Fig. 1B , Ins-5-aa construct). Mutagenesis was performed using a previously described PCR strategy to facilitate rapid screening (18) . Functionality of the mutant L proteins was analyzed in the Lassa virus minireplicon system (17) .
Insertion of the artificial 5-amino acid linker at positions S407, G467, G774, G939, S1952, and V2074 did not interfere with L protein activity (Tab. 1). As expected, insertion into an intra-domain loop (V1113) was not compatible with L protein function. Since the linker prediction for position N1722 was quite strong (Fig. 1A) , and to exclude positional effects of the insertion, the sequence was inserted at two additional sites within the predicted linker (A1712 and Y1726). However, no activity was observed (Tab. 1). Because residues S407 and G467 are located only 60 residues apart in a highly variable sequence connecting conserved regions I and II, we wondered whether the whole interconnecting sequence might act like a linker. Therefore, the GDGSG sequence was also inserted between S407 and G467 at position G446. L protein was active (Tab. 1) suggesting the existence of a long linker sequence spanning residues 407 to 467. To verify expression of inactive mutants, their intracellular level was evaluated in immunoblot. All insertion mutants were expressed, although mutants Y583, G738, and L1546
showed a lower steady-state level than wild-type L protein (Fig. 1C) . However, it is unlikely that this drop rendered the system completely inactive [reducing the amount of transfected L protein construct from 250 ng to 50 ng still allows for 25% Ren-Luc activity with a signal-tonoise (S/N) ratio of 60 (18)].
As a next step in the analysis, the insertion was extended from 5 to 10 amino acid residues (GDGSGGKADG) (Fig.1B , Ins-10-aa construct). This experiment was performed with the seven mutants who retained activity following GDGSG insertion. Extending the linker at positions S407, G467, G774, G939, and V2074 did not reduce replicon activity, while a drop was seen at positions G446 and S1952 (Tab. 1). Expression of the G446 mutant was verified in immunoblot (Fig. 1C ). In conclusion, insertion mutagenesis suggests that L protein contains five potential inter-domain linkers: a long linker region spanning S407 to G467, and shorter linkers around G774, G939, S1952, and V2074.
Splitting of L protein into N-and C-terminal domains. If the linkers connect individually
folded functional domains, it might be possible to physically separate the domains while retaining functionality of L protein. To this end, the L gene was split at each of the residues S407, G446, G467, G774, G939, S1952, and V2074 into an N-and C-terminal part (Fig. 1B, Split constructs). An artificial stop codon was introduced at end of the N-terminal domain, while the C-terminal domain was attached to an artificial start codon. Corresponding N-and C-terminal domains reconstituting a full-length L gene were expressed from separate T7
promoter constructs together with the other components of the replicon system.
In the initial experiment, N-and C-terminal domains were generated by PCR mutagenesis and transfected without cloning. L protein remained functional when split at positions S407
(residues 1 -409 plus 405 -2220; note that the expression cassettes were constructed with a 4-residue overlap at the split site), G467 (residues 1 -469 plus 465 -2220), and G939 (residues 1 -941 plus 937 -2220), respectively (Table 1 ). Separation at positions G446, G774, S1952, and V2074 led to loss of replicon activity. Some of these domains showed a low steady-state level in immunoblot analysis, e.g. the C terminus of G446 split and the N terminus of S1952 and V2074 split (Fig. 1C) , suggesting reduced stability. To verify the positive results obtained with L protein split at G467 and G939, the corresponding domains were cloned into vector pCITE-2a and then tested (the constructs were called L-N1 + L-C1
and L-N2 + L-C2, respectively). Activity of the cloned domains was 218% and 33% for split at G467 and G939, respectively ( Table 1 All domains were expressed, irrespective of the type of tag (see the lysate lanes in Fig. 2 ). In the first experiment, the HA tag was attached to the N-terminal domains (L-N1-HA and L-N2-HA), while the FLAG tag was attached to the C-terminal domains (L-C1-FLAG and L-C2-FLAG). Upon co-expression, L-C1-FLAG co-precipitated with L-N1-HA (Fig. 2A, lane   4 ) and L-C2-FLAG co-precipitated with L-N2-HA (Fig. 2C, lane 4) . The FLAG-tagged proteins were precipitated nearly quantitatively. Neither L-C1-FLAG nor L-C2-FLAG were precipitated in the absence of the corresponding HA-tagged domain ( Fig. 2A and C, lane 2).
In the reciprocal experiment, the HA tag was attached to the C-terminal domains (L-C1-HA and L-C2-HA), while the FLAG tag was attached to the N-terminal domains (L-N1-FLAG and L-N2-FLAG). Consistent with the first experiment, L-N1-FLAG co-precipitated with L-C1-HA (Fig. 2B, lane 4) and L-N2-FLAG co-precipitated with L-C2-HA (Fig. 2D, lane 4) .
No background precipitation of FLAG-tagged protein was observed in the absence of the HAtagged domains (Fig. 2B and D, lane 3) .
These experiments provide evidence for physical interaction between N-and C-terminal domains, irrespective of whether L protein was split at G467 or G939. Neither NP nor MG are required as co-factors.
Co-localization studies with N-and C-terminal domains.
To further substantiate the hypothesis of interaction between N and C terminus and to map the intracellular distribution of domains resulting from split at G467 (L-N1 and L-C1) and G939 (L-N2 and L-C2), colocalization studies were performed. The HA-and FLAG-tagged domains were detected using anti-HA and anti-FLAG, and FITC and rhodamine-conjugated secondary antibodies, respectively. Images were captured by confocal microscopy.
The intact full-length L protein showed a cytoplasmic distribution with some dot-like structures (Fig. 3A) irrespective of co-expression of MG or NP, which showed a granular cytoplasmic distribution (Fig. 3B) . In the first set of experiments, the HA tag was attached to the N-terminal domains (L-N1-HA and L-N2-HA), while the FLAG tag was attached to the C-terminal domains (L-C1-FLAG and L-C2-FLAG). Individually expressed, the N-terminal domains showed a dot-like distribution similar to full-length L protein ( Fig. 3C and E, upper left image), while the C-terminal domains showed a homogenous cytoplasmic staining ( Fig.   3C and E, upper right image). However, upon co-expression, both N-and C-terminal domains showed a dot-like distribution with nearly perfect co-localization ( Fig. 3C and E, lower images). In the reciprocal experiment the tags were swapped; the HA tag was attached to the C-terminal domains (L-C1-HA and L-C2-HA), while the FLAG tag was attached to the Nterminal domains (L-N1-FLAG and L-N2-FLAG). In agreement with the first experiment, Nand C-terminal domains showed dot-like and homogenous distribution, respectively ( Fig. 3D and F, upper images). Upon co-expression, both domains co-localized in dot-like structures ( Fig. 3D and F, lower images).
In conclusion, L protein is distributed in cytoplasm and accumulates in dot-like structures.
This distribution pattern is reflected by the N-terminal domains, irrespective of the split site, while the C-terminal domains are homogenously distributed. Co-expression of N-and Cterminal domains leads to re-distribution of the latter into the dot-like structures providing further evidence for interaction between both domains.
Studies on L-L protein interactions. It has been previously shown that L proteins can
oligomerize (28) . Having delineated domains within L protein, we wondered whether these domains play a role in L-L protein interaction. In a first set of experiments, the interaction between homologous domains was studied by co-immunoprecipitation. HA-and FLAG- (Fig. 4B) . These data suggest that the individual domains can dimerize or oligomerize and that L protein contains at least two sites -one in the N terminus and one in the C terminus -mediating L-L protein interaction.
To further support the hypothesis of L-L protein interaction via N or C terminus, it was tested if individual domains can exert a dominant negative effect on wild-type L protein in replicon assay, as has been described for L protein mutants with mutations in the catalytic site of RdRp (18, 28) . The dominant negative mutant L-D1334N served as a control; it reduced activity of wild-type L protein by >90% (Fig. 5A, lane 4 
with wild-type L protein did not significantly reduce replicon activity, irrespective of whether the D1334N mutation had been introduced into L-C1 or L-C2 (Fig. 5A) . However, if the L-
D1334N mutant was co-expressed with L protein split at G467 (L-N1 and L-C1) or G939 (L-
N2 and L-C2), it exerted a dominant negative effect with reduction of replicon activity by about 87% (Fig. 5B) . Consistent with the physical interaction studies, these functional data suggest that L protein reconstituted from N and C terminal domains is involved in L-L protein interactions.
Discussion
This study provides experimental evidence for the domain structure of Lassa virus L protein.
Linkers of 5 or 10 amino acid residues were tolerated at seven sites (S407, G446, G467, G774, G939, S1952, and V2074) without loss of function, suggesting these sites represent linkers between domains or subdomains rather than intra-domain loops. At two of these sites, 
